Mutations in the ATP6 gene of mtDNA (mitochondrial DNA) have been shown to cause several different neurological disorders. The product of this gene is ATPase 6, an essential component of the F 1 F 0 -ATPase. In the present study we show that the function of the F 1 F 0 -ATPase is impaired in lymphocytes from ten individuals harbouring the mtDNA T8993G point mutation associated with NARP (neuropathy, ataxia and retinitis pigmentosa) and Leigh syndrome. We show that the impaired function of both the ATP synthase and the proton transport activity of the enzyme correlates with the amount of the mtDNA that is mutated, ranging from 13-94 %. The fluorescent dye RH-123 (Rhodamine-123) was used as a probe to determine whether or not passive proton flux (i.e. from the intermembrane space to the matrix) is affected by the mutation. Under state 3 respiratory conditions, a slight difference in RH-123 fluorescence quenching kinetics was observed between mutant and control mitochondria that suggests a marginally lower F 0 proton flux capacity in cells from patients. Moreover, independent of the cellular mutant load the specific inhibitor oligomycin induced a marked enhancement of the RH-123 quenching rate, which is associated with a block in proton conductivity through F 0 [Linnett and Beechey (1979) Inhibitors of the ATP synthethase system. Methods Enzymol. 55, . Overall, the results rule out the previously proposed proton block as the basis of the pathogenicity of the mtDNA T8993G mutation. Since the ATP synthesis rate was decreased by 70 % in NARP patients compared with controls, we suggest that the T8993G mutation affects the coupling between proton translocation through F 0 and ATP synthesis on F 1 . We discuss our findings in view of the current knowledge regarding the rotary mechanism of catalysis of the enzyme.
INTRODUCTION
Proton transporting F 1 F 0 -ATP synthases are ubiquitous enzymes that catalyse the terminal step in oxidative phosphorylation. The enzymes consist of two structurally and functionally distinct sectors termed F 1 , the proper catalytic domain, where ATP synthesis or hydrolysis takes place, and F 0 , the membrane sector that sustains H + transport. Structurally similar F 1 F 0 -ATP synthases are present in mitochondria, chloroplasts and most eubacteria [1] . The bacterial enzyme has the simplest subunit structure, α 3 β 3 γ δε for F 1 and ab 2 c 10−14 for F 0 , and its enzymology is best understood [2] . The mitochondrial F 0 domain has seven more distinct subunits. However, specific eukaryotic functional subunits are known, which correspond to those of the bacterial enzyme, including a, b and c [3] .
The F 1 F 0 -ATP synthase is a molecular motor where proton translocation within F 0 drives the rotation of a transmembrane ring of 10-14 c subunits, which induces the central part of F 1 (γ , δ and ε subunits) to rotate relative to the surrounding α 3 β 3 hexameric ring where ATP synthesis from ADP and P i occurs [2] .
In the bacterial system subunit a has been shown to play a major role in transporting protons through F 0 , and to induce the ring of c subunits to rotate [1] . More precisely, rotation involves protonation and deprotonation of the acidic Asp-61 of subunit c (Glu-58 in human mitochondria), located roughly in the middle of the membrane's hydrophobic layer. Subunit a, and its corresponding subunit, ATPase 6 in eukaryotes, is believed to have two functions. First, it leads the proton through a hydrophilic half-channel to its binding to Glu-58 of subunit c, it contributes to the protonation/ deprotonation steps by dynamically bringing Arg-159 (Arg-210 in subunit a of Escherichia coli) into juxtaposition with the acidic residue of subunit c, the proton is then released into the mitochondrial matrix [4, 5] . Secondly, it turns the rotor for ATP synthesis. A mutation in subunit a might thus interfere with either the flow of protons into the mitochondrial matrix, or with turning of the rotor, or both of these functions.
The biogenesis of eukaryotic F 1 F 0 -ATPase involves co-ordination of both the nuclear and the mitochondrial genomes [6, 7] . A large number of mutations affecting human mtDNA (mitochondrial DNA) are associated with disorders involving tissues that are characterized by a high-energy demand, including the central nervous system, as well as skeletal and cardiac muscles [8] .
The mtDNA T8993G point mutation in the ATPase 6 gene leads to an Leu-156 → Arg amino acid change, which is associated with the clinical phenotype of NARP (neuropathy, ataxia and retinitis pigmentosa) when the mutation load (percentage of mutant mtDNA or heteroplasmy) is typically below 90-95 %, or in the case of MILS (maternally inherited Leigh syndrome) when the mutation load is greater than 95 % [8] . There is a general consensus that the main biochemical defect induced by the Abbreviations used: ψ m , mitochondrial membrane potential; FQR, fluorescence quenching rate; NARP, neuropathy, ataxia and retinitis pigmentosa; MILS, maternally inherited Leigh syndrome; PBMC, peripheral blood mononuclear cell; RFLP, restriction fragment length polymorphism; RH-123, Rhodamine-123. 1 These authors contributed equally to this work. 2 To whom correspondence should be addressed (email giancarlo.solaini@unibo.it).
T8993G mutation is an impairment in the rate of ATP synthesis [9] [10] [11] [12] [13] . However, which step in the molecular synthesis of ATP is precisely involved and which is the primary mechanism of cell damage are questions that have not been fully elucidated. Leu-156 is highly conserved in eukaryotes (it corresponds to Leu-207 of subunit a in the E. coli F 1 F 0 -ATP synthase). Based on protein structure predictions and on the homology between subunits a and ATPase 6, residue Leu-156 of human mitochondrial ATPase 6 is located in close proximity to residue Glu-58 of subunit c [14] . Hartzog and Cain [15] investigated the biochemical effects of the ATPase 6 L207R mutation in E. coli, and proposed that the mutation affects either assembly or stability of the enzyme and could result in a block of proton translocation through the ATP synthase complex. This hypothesis lacked experimental support, and on the contrary, ATP-driven H + translocation of submitochondrial particles in patient platelets harbouring up to 93 % mutation load, was hardly impaired [11] . This was demonstrated by monitoring proton translocation from the matrix towards the intermembrane space, that is in opposition to the passive proton flow occurring during ATP synthesis in normoxic conditions. This suggests either uncoupling within the mutated F 0 F 1 complex or unidirectional impairment of proton flow under physiological conditions.
We recently published a study of a very sensitive and reproducible method to measure the physiological H + flow in intact mitochondria [16] . This method allows the evaluation of membrane potential and proton flow from the cytosolic side of the mitochondrial inner membrane to the matrix. Using this method we have examined ATP synthase proton transport in lymphocytes of individuals harbouring a 13-94 % mutation T8993G load, and correlated the ψ m (mitochondrial membrane potential) with ATP synthesis. The F 1 F 0 -ATP synthase dysfunction induced by the NARP/MILS mutation is not due to the failure of protons to cross the bilayer through F 0 .
EXPERIMENTAL

Patients
Members of four pedigrees harbouring the T8993G mutation were investigated. Clinical details of these patients have been reported previously [17, 18] , and when referred to below, individuals are designated as in these reports.
Cell culture
PBMCs (peripheral blood mononuclear cells) were obtained by Ficoll-Hypaque Plus centrifugation of EDTA-treated blood, washed twice in PBS and resuspended in RPMI 1640 medium supplemented with 10 % heat-inactivated foetal bovine serum, 50 units/ml penicillin and 50 mg/ml streptomycin. PBMCs (10 6 cells/ml) were cultured in T-75 flasks for 3 h at 37
• C in a humidified incubator. Lymphocytes (non-adherent cells) were then harvested, pelleted, resuspended in fresh medium and cultured for 48 h. Viability was usually approx. 90 % in both control and patient cells, and cell population homogeneity (95 % lymphocytes) was assessed by flow cytometry.
mtDNA analysis
Total DNA was extracted by means of the standard phenol/ chloroform method from a pellet of the same lymphocytes as used for biochemical investigations. To detect the T8993G mutation, a convenient 551 bp segment of mtDNA was amplified by PCR as described previously [11] . The mutation was detected by RFLP (restriction fragment length polymorphism) analysis after digestion of the PCR product with the restriction endonuclease, AvaI. The co-presence of three fragments, one uncut wild-type (551 bp) and two cut-mutant fragments (345 and 206 bp), indicated heteroplasmy. To evaluate the ratio of mutant to wild-type mtDNA, digestion products were electrophoresed through a 3 % NuSieve-containing 0.5 % agarose gel and visualized by UV transillumination after ethidium bromide staining. The AvaIdigested fragments were quantified by scanning the gel with an image analysing system (Quantity One Quantitation software 4.1 for a Fluor-S TM MultiImager Bio-Rad densitometer).
ATP synthesis and citrate synthase assay
Cellular ATP synthesis rate was measured by the highly sensitive luciferin/luciferase chemiluminescent method. In order to permeabilize cells and minimize ATP synthesis by biochemical pathways other than oxidative phosphorylation, lymphocytes (20 × 10 6 cells/ml) were incubated for 20 min at room temperature with 60 µg/ml digitonin, 2 mM iodoacetamide, and the adenylate kinase inhibitor, P 1 ,P 5 -di(adenosine-5 ) pentaphosphate pentasodium salt (25 µM), in 10 mM Tris/HCl (pH 7.4), 100 mM KCl, 5 mM KH 2 PO 4 , 1 mM EGTA, 3 mM EDTA and 2 mM MgCl 2 . Complex II driven ATP synthesis was induced by adding 20 mM succinate, 4 µM rotenone and 0.5 mM ADP to the sample. The reaction was carried out at 30
• C and after 5 min it was stopped by the addition of 80 % DMSO. Synthesized ATP was extracted from the cell suspension and assayed by the luminometric method as described in [19] : as a blank a sample that was not energized with succinate, but containing both 18 µM antimycin A and 2 µM oligomycin, was used.
The citrate synthase activity was assayed essentially as described in Trounce et al. [20] by incubating cell samples with 0.02 % Triton X-100, and monitoring the reaction by measuring the rate of free coenzyme A release spectrophotometrically. Citrate synthase activity was similar in individuals carrying the mtDNA T8993G mutation and in controls (25.94 + − 8.80 nmol/ min per mg of protein), indicating a lack of mitochondrial mass enhancement in mutant cells.
Protein determination
The protein concentration of samples was assessed by the method of Lowry et al. [21] in the presence of 0.3 % (w/v) sodium deoxycholate. BSA was used as a standard.
Steady-state ψ m measurements
To evaluate the physiological proton translocation activity of the mitochondrial ATP synthase complex (protons flowing from the intermembrane space to the matrix), we measured the steadystate ψ m by means of the fluorescent cationic dye RH-123 (Rhodamine-123), which distributes electrophoretically into the mitochondrial matrix in response to the electric potential across the inner mitochondrial membrane [22] . Briefly, lymphocytes (2 × 10 6 /ml) were suspended in a respiratory buffer [250 mM sucrose, 10 mM Hepes, 100 µM K-EGTA, 2 mM MgCl 2 and 4 mM KH 2 PO 4 (pH 7.4)] containing an ADP regenerating system (5 units/ml hexokinase and 10 mM glucose) and 50 nM RH-123 were incubated with 33 nM cyclosporin A, 2.5 µM rotenone and 200 µM ADP, and then permeabilized by adding 15 µg/ml digitonin. RH-123 fluorescence change kinetics (λ exc = 503 nm; λ em = 527 nm) were induced by the addition of 20 mM succinate to the sample that was either pre-incubated (pseudo-state 4 respiratory condition) with 2 µM oligomycin or not (state 3 respiratory condition). 
RESULTS
Characterization of cells
To determine the consequences of the T8993G mutation on mitochondrial function, lymphocytes from ten individuals carrying the mutation and belonging to four Italian unrelated families were analysed and compared with 12 controls. Five of these individuals were diagnosed with full-blown NARP syndrome, whereas the rest had either none or mild neurological symptoms [17, 18] . Lymphocytes isolated from blood were maintained in RPMI medium (glucose-rich medium), and after 48 h cell viability was found to be in the normal range (approx. 90 %) for both control and patient cells. The results of mtDNA analysis of the cells are shown in Figure 1 . All probands presented with mutant mtDNA loads ranging from 13-94 %, as detected by RFLP analysis.
Rate of ATP synthesis in digitonin-permeabilized T8993G heteroplasmic cells
The main function of mitochondria is to synthesize ATP, driven by a substantial electrical membrane potential across the mitochondrial inner membrane. In normally functioning mitochondria, the ψ m is generated by proton translocation from the matrix to the intermembrane space coupled with the electron transfer from reduced nicotinamide and flavin dinucleotides to oxygen, which is carried out by the respiratory chain complexes. To quantify ATP synthesis in relation to the mutation load of lymphocytes carrying the T8993G transversion, we measured the rate of mitochondrial ATP synthesis in digitonin-permeabilized cells energized with succinate. We were particularly keen to quantify the decrease in ATP synthesis in lymphocytes from NARP patients owing to the high variability of the data reported [9] [10] [11] [12] . In order to definitively determine ATPase activity in heteroplasmic cells, we carefully designed the assay with particular attention to the following: (i) digitonin concentration compared with protein concentration in the medium; (ii) presence in the assay medium The reaction mixture contained: 20 × 10 6 cells/ml, 60 µg/ml digitonin, 2 mM iodoacetamide, 25 µM P 1 ,P 5 -di(adenosine-5 ) pentaphosphate pentasodium salt, 100 mM KCl, 1 mM EGTA, 3 mM EDTA, 5 mM KH 2 PO 4 and 2 mM MgCl 2 in Tris/HCl (pH 7.4). ATP synthesis was supported by adding 20 mM succinate (in the presence of 4 µM rotenone) and 0.5 mM ADP. The reaction was carried out at 30 • C for 5 min, and the amount of ATP synthesized was measured with the luciferin/luciferase chemiluminescent method [15] . Data reported for patients are presented as mean for two determinations in lymphocyte preparations.
of both glycolysis and adenylate kinase inhibitors at adequate concentrations; (iii) as a blank we used the succinate-less assay cocktail supplemented with antimycin; (iv) exogenous Mg 2+ was included in the assay medium in order to supply saturating Mg-ADP to the ATP synthase complex. Figure 2 shows that ATP synthesis catalysed by the F 1 F 0 -ATP synthase decreases sharply in lymphocytes from the five NARP patients, reaching a 70 % decrease when mutant mtDNA load is approx. 90 %.
ψ m in digitonin-permeabilized T8993G heteroplasmic cells The energy of the transmembrane H + electrochemical gradient (the proton-motive force, µ H+ ) resulting from the respiratory chain activity is mainly used by the F 1 F 0 -ATP synthase to generate ATP. This process requires that protons, flowing down their concentration gradient through F 0 , release energy to the enzyme and drive rotation of subunits, which allows synthesis and release of ATP at the catalytic sites in F 1 .
Determination of which step in the catalytic mechanism of F 1 F 0 -ATP synthase is impaired by the T8993G mutation is required in order to understand precisely the biochemical consequences of this mutation. As previously hypothesized [10] , but then questioned [11] , this step could be a result of the block of proton translocation through F 0 . To clarify this issue, we designed a method [16] that allows the measurement of H + translocation through F 0 when protons flow physiologically from the cytosol to the matrix side of the inner mitochondrial membrane. The method is based on monitoring the initial rate of respiration-induced RH-123 fluorescence quenching that is quantitatively associated with the ψ m .
Protons are extruded from mitochondrial matrix by the respiratory complexes into the intermembrane space, and easily diffuse back in through F 0 . However, a significant amount of fluorescence quenching is maintained at a steady-state as a balance between respiration activity and proton flow through F 0 ( Figure 3A) . This approach is sensitive enough to detect small changes in ψ m within a broad range, and it allows measurement of ψ m changes caused by protons moving through the inner membrane when
Figure 3 RH-123 fluorescence changes in digitonin-permeabilized lymphocytes upon addition of respiratory substrates and inhibitors
(A) Fluorescence measurements were carried out in a respiratory buffer (250 mM sucrose, 10 mM Hepes, 100 µM K-EGTA, 2 mM MgCl 2 and 4 mM KH 2 PO 4 (pH 7.4), containing an ADP regenerating system (10 mM glucose and 2.5 units of hexokinase). Additions were 50 nM RH-123, 2 × 10 6 /ml lymphocytes, 33 nM cyclosporin, 10 mM glutamate/10 mM malate, 15 µg/ml digitonin, 200 µM ADP, 2.5 µM rotenone, 20 mM succinate, 2 µM oligomycin and 1 µg/ml(1.8 µM) antimycin. (B) RH-123 fluorescence kinetics induced by the addition of 20 mM succinate to digitonin-treated lymphocytes pre-incubated or not with 2 µM oligomycin. The sample mixture consisted of 0.5 ml of respiratory buffer containing an ADP regenerating system, 50 nM RH-123, 2 × 10 6 /ml lymphocytes, 33 nM cyclosporin, 2.5 µM rotenone, 0.2 mM ADP and 15 µg/ml digitonin. pumped by respiratory complexes or when flowing down the proton gradient through F 0 [16] . Therefore the electrical component of the membrane potential generated by proton movements across the inner mitochondrial membrane in digitoninpermeabilized lymphocytes of both controls and patients was evaluated. Figure 3 (B) shows the fluorescence decay of RH-123 upon energization of mitochondria with succinate, in the presence of ADP (state 3 respiration) and also in the presence of both ADP and saturating oligomycin. This molecule abolishes state 3 respiration by binding to the ATP synthase F 0 -sector, and blocking its proton conduction pathway (i.e. the flow back of protons into the matrix). The FQR (fluorescence quenching rate) after normalization is expressed as ( F/F i )/s per 10 6 cells and is an index of ψ m , according to details reported previously [16] .
An analysis of lymphocyte mitochondrial ψ m under state 3 respiratory conditions showed a slightly higher level of FQR in cells from patients (Figure 4) , particularly when the mutation load was greater than 80 %, indicating an enhanced ψ m in patients' cells compared with controls. However, even in cells bearing greater than 90 % heteroplasmy, FQR was dramatically lower (26 %) than that observed in cells treated with saturating oligomycin (2 µM). When the ATP synthesis activity of control lym- phocytes was inhibited to 80 % of control values by 30 nM oligomycin, FQR was nearly 3-fold higher than that observed in NARP patients' cells ( Figure 4) . Interestingly, both controls and patients' cells treated with saturating oligomycin showed similar FQR values, indicating similar sensitivities of both mutant and wild-type enzymes to the inhibitor. This observation is consistent with the view that ψ m enhancement in NARP cells is due to ATP synthase dysfunction alone.
In conclusion, our results clearly indicate the occurrence of ψ m under ADP phosphorylating conditions that is compatible with a slightly lower membrane permeability (i.e. F 0 ) to protons in cells of patients compared with those of controls, rather than with blockade of proton translocation in F 0 .
Correlation between T8993G mutation load, ATP synthesis rate and FQR
The lymphocytes of the ten patients examined had variable proportions of mutant mtDNA, ranging from 13-94 %. The number of NARP patients examined and the wide-ranging mutation load available allowed us to correlate the heteroplasmy with the biochemical parameters analysed.
The ATP synthesis rate in cells harbouring the T8993G mutation decreases linearly with increased mutation load ( Figure 5A ), indicating a close relationship between tissue heteroplasmy and the expression of the biochemical defect in ATP synthesis. A linear and positive correlation was found in patients between digitoninpermeabilized cell FQR and the proportion of mutant mtDNA ( Figure 5B ). Therefore the biochemical defect was strictly related to the degree of heteroplasmy, with no evidence of a biochemical threshold. However, it is worth noting that a 60-75 % mutant mtDNA load is required for obvious clinical expression of centralnervous-system symptoms [23, 24] .
Since both ATP synthesis rate and FQR are functional parameters associated with the efficiency of mitochondrial oxidative phosphorylation, and since the methods used to measure the two parameters are completely independent, we also analysed the relationship between ATP synthesis rate and FQR, and observed a linear negative correlation with a high r 2 of 0.89 ( Figure 5C ). The linear dependence of the rate of ATP synthesis on FQR does not imply that the former is caused by the latter, or vice versa, but simply that both parameters are a consequence of the T8993G transversion in mtDNA. Moreover, since the rate of ATP synthesis changes more sharply with heteroplasmy than does ψ m , and it can be extrapolated to zero when F/F i is below 0.6 ( Figure 5C ), whereas F/F i is above 1.6 when oligomycin blocks proton transport through F 0 (Figure 4) , the dramatic decrease in the rate of ATP synthesis in cells from NARP patients is probably not due to a block in proton transport. This supports the direct observation that the mutated enzyme retains the ability to translocate protons as described above.
DISCUSSION
The present study provides experimental evidence to support our original speculation [11] that the membrane sector, F 0 , of the mitochondrial ATP synthase complex carrying the Leu-156 → Arg change in the ATPase 6 subunit is competent for proton translocation. Previous results have only shown that the mutated enzyme could support ATP-driven proton translocation from the matrix to the intermembrane space. In the present study we report experimental data on the physiological (i.e. from the cytosol to the matrix) activity of the mutated enzyme on proton flow, allowing us to clarify the molecular mechanism that induces insufficient ATP synthesis in cells from patients harbouring the T8993G transversion.
The previous interpretation that this mutation may cause a block in proton flow through the membrane sector F 0 of the ATP synthase complex was not sufficiently supported by experimental data and it was challenged by our previous study [11] . In the same study we firstly hypothesized that the mutation might impair the coupling of ATP synthesis in F 1 to proton flow through F 0 , but direct evidence was not available at that time. Moreover, in a purely speculative study, Schon et al. [25] did not rule out possible uncoupling within the mutated ATP synthase complex. Our present study clearly shows that the mutated F 0 can translocate H + from the cytoplasm to the matrix side of the inner mitochondrial membrane under state 3 respiratory conditions. Moreover, the impairment of ATP synthesis is linearly and inversely correlated with the proton transport activity of F 0 . Therefore considering the results together, and since the drastic changes in the rate of ATP synthesis were reflected by only modest changes in the proton transport activity of the F 1 F 0 complex, the most likely explanation for the mechanism responsible for the impairment of ATP synthesis is the failure of the enzyme to couple phosphorylation of ADP to proton translocation down the membrane proton gradient.
The actual mechanism of ATP synthesis is brought about by the rotary ATP synthase which couples H + transport through F 0 with catalysis in F 1 , which are approx. 10 nm apart [26] . The proton flux, involving the transmembrane helices of ATPase 6, and Glu-58 of subunit c, induces the subunit c oligomer to rotate, and this in turn drives the rotation of a central rotor within F 1 , allowing the binding change mechanism to operate [1] . According to the current view, mitochondrial ATPase 6 provides access channels to the proton-binding Glu-58 residue, which in turn by protonation and deprotonation and associated conformational changes moves past a stationary subunit ATPase 6 [27] [28] [29] . This is described in more detail in the scheme shown in Figure 6 ; helix III (i.e. the transmembrane segment of the ATPase 6 containing the functionally essential Arg-159) senses the conformational change in subunit c, in which Glu-58 juxtaposed with a Arg-159 deprotonates. This allows proton release into the matrix through the fourhelix bundle of ATPase 6 [30] . The consequent conformational rearrangement of these helices, which moves Arg-159 away from Glu-58 in subunit c allows protons to flow down the proton gradient through the cytoplasmic half-channel. This is followed by protonation of Glu-58 and concerted conformational changes of the ATPase 6 helices that cause the ring of c subunits to rotate. According to the three-dimensional model described in Figure 6 , when physiological Leu-156 is replaced with arginine, as occurs in the mutated ATP synthase complex, the positively charged and bulky amino acid residue (red in Figure 6 ) causes a structural change particularly prominent in the helix III region proximal to the aqueous matrix phase. Interestingly, it appears that the L156R change does not alter the core structure of helix III (containing both Arg-156 and Arg-159). This, together with the observed permeability of F 0 to protons suggests that the two functions of ATPase 6, (i) to rotate the ring of c subunits and (ii) to conduct the protons to the opposite side of the bilayer, can be differentially affected by the mutation. The L156R change interferes with the first function of ATPase 6, but does not affect the second, therefore Top, the scheme is based on the three-dimensional model of the E. coli ac 12 complex [41] (PDB accession number, 1C17). Leu-156 of the mitochondrial enzyme is shown in yellow, whereas the essential Arg-159 and Arg-156 (in the mutant enzyme only) residues are shown in red. The amino acids reported to take part in the proton translocation [33] are represented in green. Bottom, the partial amino acid sequence of wild-type human ATPase 6. Transmembrane α-helices, as predicted by homology modelling software (EasyPred, http://www.cbs.dtu.dk/biotools/EasyPred/), are indicated by red (mutated) and black (wild-type) lines.
it uncouples ADP phosphorylation in F 1 from proton transfer through F 0 . The accessible aqueous residues (green in Figure 6 ) create a proton pathway that might be physiologically blocked by the hydrophobic leucine residue, and 'facilitated' by the Arg-156 in the mutant enzyme. By contrast, rotation of the subunit c ring might be impaired by the introduction of an extra arginine residue. Results previously reported by Vazquez-Memije et al. [31] are consistent with uncoupling of the oxidative phosphorylation machinery, indicating that mitochondria isolated from fibroblasts of NARP patients have an increased respiration rate under state 4 conditions (i.e. non-phosphorylating conditions) compared with controls.
A corollary of the findings in the present study is that the incorrect assembly of the mutated F 1 F 0 -ATP synthase proposed by some authors [32, 33] may occur, and could in fact contribute to the inefficient passive proton translocation through the inner mitochondrial membrane (i.e. F 0 ). Early association between subunits a and c is essential for the control of proton flux through F 0 , therefore an unassembled F 1 F 0 -ATPase could be associated with either a block or a fully uncontrolled translocation of the protons within F 0 . Whether the L156R change also affected the stability of the enzyme was not addressed in our study, but Garcia et al. [12] in an extensive study on the structure and assembly of the mutated enzyme found that the level of F 1 F 0 complexes was close to normal and that complexes were stable. On the other hand indirect indications of the presence of assembled F 1 F 0 in mutated cells can also be inferred from our previous work [11] , showing both unaffected F 1 F 0 -catalysed ATP hydrolysis and ATPdriven proton translocation in NARP mitochondria exposed to sonic oscillation. Observations made in other laboratories [12, 34] and the findings of the present study are also in agreement with this view, that the enzyme activities are fully oligomycin-sensitive, a property that is lost, for instance, when the enzyme structure is severely altered [35, 36] .
It is also noteworthy that the biochemical analysis of the human mitochondrial F 1 F 0 -ATPase affected by the mtDNA T8993G mutation in the ATP6 gene had revealed an inverse correlation between the rate of ATP synthase activity and the mutation load, extending and supporting our previous results based on studies carried out in inverted submitochondrial particles prepared from a limited number of individuals carrying the NARP mutation [24] . Of even more interest is the observation that the membrane potential of mitochondria from the same individuals also correlates linearly with heteroplasmy, therefore providing evidence that the control of membrane potential may be a possible therapeutic target with which to limit the dramatic effects of the mutation.
In conclusion, our study clearly shows that, besides its appeal to our understanding the pathogenesis of disease, and its importance in designing appropriate therapies, biochemical analysis of the mammalian ATP synthase complex carrying mutations in structural genes of its subunits offers new insights into the function, structural organization and regulation of this enzyme complex. We are investigating the effects of other mutations in the human ATP6 gene on the assembly and functional properties of the F 0 -ATPase, and future experiments will focus on the functional and structural features of ATPase 6 and other F 0 polypeptides in mammalian mitochondria.
Finally, the present results may establish a baseline for studies aimed to test therapeutic strategies, in particular drugs that act as energy suppliers or anti-oxidants (increased membrane potential is usually associated with overproduction of reactive oxygen species [37] ), apart from gene therapy approaches which have been recently attempted [38] [39] [40] , but still need much work in order to have therapeutic benefits.
